A new approach to negative feedback is proposed and applied to active mixer cells based on Gilbert multiplier The feedback can be exploited in several ways, and different configurations are derived. A dual-loop topology provides a solution for inductor-less broad-band receiver stages. The nature of the dual loop ensures controlled gain and input matching, and afirst-order linearity analysis is presented. A single-loop narrow-band topology is derived from more traditional implementations; main characteristics are examined thoroughly, with specific respect to input matching, noise and stability issues.
Introduction
Traditional active mixers based on the Gilbert cell [1] , like the one depicted in Figure 1 (a), are ubiquitous in modern RF architectures. The design of such cells is carried out under the general assumption that the linearity of the block is intimately related to the linearity of the transconductor (M1 in the figure). To improve linearity performances, several solutions have been devised, most of which are based on a combination of the following methods [2] : feedback, feedforward, predistortion and piecewise approximation. Feedback-based solutions have been traditionally relegated to low-frequency applications, because of the intrinsic bandwidth reduction associated with the feedback. As more advanced technologies become available, bandwidth limitations become less and less critical. To fully exploit the capabilities of negative feedback, it would be beneficial to embrace the complete cell (transconductor and switching pair) into the feedback loop, rather than simply closing the loop locally by means of source degeneration as illustrated in Figure 1(b) . A solution is sketched in Section 2, and is further developed in Section 3, where a complete dual-loop wide-band receiver front-end is proposed. In the design of a receiver chain, linearity and noise are closely related; a narrow-band solution is proposed in Section 4, where the same principle described in the following is applied in order to improve noise performances. Conclusions are drawn in Section 5.
Basic concept
The cell in Figure 1 (c) is perfectly equivalent to the one in Figure 1 (a) with respect to the downconverted signal. The node vUr, however, has some interesting properties at high frequency. We model the differential pair (M2 -M3) as a couple of switches, controlled by a time-varying periodic function at frequency fLo, like in Figure l Figure 1 (c), the computation of the output voltages is more involved, and we will develop it with the aid of Figure 2 . We can easily show that the following relations hold:
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The application to the structure in Figure 1( feedback is the preferred choice, but certain limitations occur when a single-loop feedback is implemented. As an example, we can examine the symplified schematic in Figure ( 3), from which it is easy to get the following result:
we can derive a proper set of equations as follows: Figure 4(a) ; to simplify the analysis of the stage, we consider only the behaviour at high frequency. Assuming that the impedance of low-pass capacitors C is negligible, the equivalent resistance at node vrn is Rmix = R. We can define R1 R lIIR51 and the equivalent circuit looks as in Figure 4 (b): the output signal is actually i2, which is the RF current that is going to be down-mixed and converted into a differential voltage signal. In this simplified picture, the circuit operates at a single frequency. 
The linearity analysis is very difficult to carry out, and massive simplifications must be accepted. The approach is semi-iterative and it is based on the following assumptions: 1. the non-linearities are concentrated on the transcondutors (M1 and M2 in the figure). Equation (9) where gs is the small-signal transconductance resulting from (7)- (10), and c3 is the third-order non-linear term derived from previous equations. As an example, we can try to compare the l-dB compression point of the proposed stage with an RX frontend based on a shunt-series LNA and a Gilbert-cell mixer, like the one showed in Figure 4 (c). Shunt-series stages are based on a local degeneration on the source (provided by R1) and shunt feedback between gate and drain (see R3 in the figure). In fact this is a dual-loop topology, but input-matching constraints limit the values of the degeneration resistance, and thereby the loop gain. To improve linearity, local feedback is applied to the mixer as well (by R2). The results are shown in Figure 5 : the bias current of both LNA and mixer is swept, and the output-referred l-dB compression point is shown. Results are based on a 0.35,um-process models.
4. Application to a narrow-band receiver Narrow-band LNAs based on tuned LC-tanks are implemented in many state-of-the-art receiver chains, where specifications are highly demanding. A simplified configuration is shown in Figure 6(a) : the inductive degeneration provides the correct matching [4] , and a cascode stage reduces the impact of the Miller effect related to Gate-Drain capacitance at transistor M1. The mixer is built as a direct implementation of the Gilbert multiplier. The open loop configuration can be easily modified to provide negative feedback as shown in Figure 6 (b); to simplify the structure the following assumptions are made:
1. the Miller effect is negligible, the contribution of the cascode transistor in the LNA is omitted.
3. Since we are interested in the operation around resonance, we represent the load LC tank with the equivalent parallel resistance Rd. 4 . No parasitics are considered except the Gate-Source capacitance of transistor M1. Switches and transconductors are ideal.
5. The quality factor of tuning inductor Lg is considered infinite.
The simplified circuit results as in Figure 6( 5. Conclusions
